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We propose a novel method to enhance the transverse 
magneto-optical Kerr effect (TMOKE) in the magneto-
plasmonic (MP) nanostructures by means of the active 
dielectric layer. We report the theoretical analysis of the 
magnetoplasmonic structure with a ferromagnetic 
dielectric doped with rear-earth ions (Nd3+) as the 
example of a gain layer. The enhancement takes place 
near the surface plasmon polariton (SPP) resonances of 
the nanostructures. The stimulated emission of the 
dopants in the field of SPP wave partially compensates its 
losses. It is shown that due to a decrease of SPP damping a 
Q-factor of the MP resonance increases and the TMOKE is 
increased in comparison with the passive nanostructure.  
 
Magneto-optical (MO) effects find diverse applications in modern 
data storage devices and optical isolators [1]. They reveal themselves as 
a rotation of light polarization due to a medium magnetization or a 
change of the reflected or transmitted light intensity caused by the 
medium remagnetization [2]. 
In this Letter the transverse MO intensity effect is addressed. It takes 
place when the magnetization is in-plane and is perpendicular to the 
plane of light incidence, and is usually referred as transverse MO Kerr 
effect or TMOKE [2]. Thin smooth films of the ferromagnetic metals 
show noticeable TMOKE in reflection, but they are opaque in 
transmission. At the same time, the thin smooth films of ferromagnetic 
dielectrics are transparent, but TMOKE in them is hardly measurable. 
Excitation of surface plasmon-polaritons (SPPs) at the surface of a 
ferromagnetic film might significantly enhance the MO response [3-6]. 
Intensified MO effects were demonstrated in noble-/ ferromagnetic-
metal heterostructures [7-9], and in perforated ferromagnetic-metal 
films [10-13]. 
In Refs. [14-16] the enhanced MO effect in magneto-plasmonic (MP) 
crystals composed of a ferromagnetic dielectric covered by a noble 
metal grating was reported. This structure combines a strong magnetic 
response with a high light transmission at the wavelengths greater than 
650 nm. Thus, it is possible to observe the intensity MO effect in 
transmitted light as well as in the reflected one. It should be stressed, 
that in the MP crystal the relative change in the intensity of transmitted 
light can be two orders of magnitude higher than for smooth 
ferromagnetic metal films [14]. The value of TMOKE depends on the Q-
factor of MO resonance, that, in its turn, is limited by structure’s losses. 
Although, ferromagnetic dielectrics possess smaller absorption than 
ferromagnetic metals, they still have noticeable losses due to the 
presence of iron ions [17]. Besides that, optical power dissipates in the 
metal parts of the MP structure due to inelastic processes associated 
with the motion of conduction electrons in metals. In the MP 
nanostructures the SPPs suffer from the strong dissipation in both noble 
metal film and ferromagnetic dielectric and, thus, a Q-factor of the MO 
resonance decreases. 
Loss compensation and amplification of SPPs have been investigated 
in gain plasmonics for active non-magnetic materials [18-27]. The SPP 
propagates along the interface of metal and dielectric material doped by 
active centers. The pump beam illuminates dielectric, and excites the 
active centers in the gain medium. An electromagnetic field of the SPP 
stimulates an emission of activated ions or molecules. This radiation has 
the same phase and polarization as the surface wave, and effectively 
amplifies the SPP. The SPP amplification have been demonstrated in the 
solutions of dyes (cresyl violet and rhodamine 101 [21]), PMMA doped 
with dyes [22] or quantum dots [23]. Lasing action was investigated in 
different types of plasmonic crystals incorporating optically-pumped 
gain media, like arrays of metal holes [24], strongly coupled plasmonic 
nanocavity arrays [25], and in periodic arrays of metallic nanowires 
embedded in the gain medium [26]. However, all these materials are 
non-magnetic and aren’t suitable for an enhancement of the magneto-
optical effects. 
Gain materials are successfully applied for spasers, the subdiffractive 
sources of linearly polarized light [27, 28]. Recently the MO spaser has 
been suggested [29]. It combines amplifying core with magnetic shell 
and provides the coherent circularly polarized light unachievable in 
nonmagnetic spasers. 
In this paper, we propose a novel way to enhance MO effects due to 
the layer of gain medium. It can be realized, for example, in the MP 
crystal with the ferromagnetic dielectric material doped by active 
centers. Here, an enhancement of TMOKE is addressed theoretically for 
different values of the gain parameter and for the various thicknesses of 
the gain media in the MP crystal. Also it is shown that partial loss 
compensation of SPP leads to an increase of magneto-plasmonic 
resonance Q-factor.  
Bismuth-substituted yttrium iron garnet (BIG) possesses strong MO 
response [2].  We choose for our simulations the rear-earth ions Nd3+ as 
active centers. Magnetic properties of Nd-doped YIG have been studied 
in Ref. [30], however, Nd ions were not employed as active centers. The 
MO response of BIG is rather strong at the Nd emission wavelength, and 
this dopant is well-known due to its wide application in solid state 
lasers, where activated non-magnetic garnets are used. The BIG film 
doped with the rear-earth ions can be grown on the suitable substrate 
by the standard isothermal liquid-phase epitaxy method. Another 
possible way is to create the doped ferromagnetic film by the RF 
magnetron sputtering method [31].  
 
 
Fig. 1. The scheme of the MP crystal. d = 900 nm, h = 150 nm, and 
w = 100 nm. 
We consider the MP crystal of the 1D gold grating deposited on the 
doped BIG grown on top of the non-magnetic gadolinium gallium garnet 
(GGG) substrate (see Fig. 1). Here d is a period of the gold grating, h 
refers to its depth, and w denotes the air groove width. We employ Voigt 
geometry, when the incidence plane of the p-polarized light is 
perpendicular to the magnetization M. The following parameters of the 
MP structure are chosen: d = 900 nm, h = 150 nm, and w = 100 nm. The 
depth of active layer is 2.5 μm . The gold layer is characterized by a 
dielectric function ε1. The gain in the film is determined by the imaginary 
part of dielectric function ' "2 2 2i    , where 
"
2 0  . An emission 
of dopants has Lorentz line shape. Optical pumping of neodymium can 
be operated at 0.8 μm , and it has one of the luminescence peaks at 
1.06 μm [32]. MO properties of BIG are described by a gyration vector 
g = aM [2], at the dopants emission wavelength the gyration is about 
6∙10-4. 
A pump beam illuminates the structure from below, comes through 
the substrate, and excites dopants inside the ferromagnetic film. The 
absorption of pump beam in the thin substrate film is negligibly small. 
At the same time the signal beam is obliquely incident from above to 
excite the SPP wave along the metal/dielectric interface. Varying 
incidence angle of the signal beam one can adjust the frequency of the 
SPP excitation to the dopant emission frequency. The stimulated 
emission from the active centers diminishes optical losses and thus 
increases the SPP propagation length and the Q-factor of plasmonic 
resonance.  
Let us consider this problem in details. The SPP is excited if its 
wavevector, SPPk , is matched with the in-plane component, ||k , of the 
incident light wavevector through the momentum acquired from the 
gold grating, 2πm / d: ||
2
SPPk k m
d

  , where m is an integer.  
Within the empty-lattice approximation SPPk  can be estimated by 
the one for the smooth metal/magnetic dielectric interface [14]: 
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where ω is the incident light frequency, c is the light velocity in vacuum, 
and parameter    
1 12 22
1 2 2 11    

   . 
 
 
Fig. 2. Transmission spectrum (a) and the TMOKE (b) of the MP 
structure as a function of light wavelength and incident angle.  
SPP excitation in the structure manifests itself as resonances in 
transmission spectrum. On the basis of the rigorous coupled waves 
analysis (RCWA) [33,34] spectral transmittance of the structure was 
found (Fig. 2(a)). Its peculiarities point out to the different optical 
surface modes. We are mostly interested in the Fano resonances related 
to the SPP at the gold/iron-garnet interface (resonances are denoted 
with (1)). Besides that, in the figure there are the Fano resonance 
referred to the SPP at the air/gold interface (denoted with (2)) and a set 
of waveguide modes (denoted with (3)).  
The influence of the magnetization on the optical properties of the 
sample in TMOKE can be characterized by the relative change in the 
transmitted light intensity T(M) when the structure is remagnetized 
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The most pronounced resonances of   emerge with the excitation 
of SPP waves at the gold/iron-garnet interface (Fig. 2(b)), and, naturally, 
they depend on the dielectric properties of the BIG film. 
We’ve fitted the transmission resonances by Fano resonance shape 
[35] for various incident angles and found out that at 5    the 
central wavelength is 1.06 μm . Thus, SPP waves excited at these 
incident angle could be enhanced by emission of Nd ions. 
The gain properties of Nd-doped BIG films haven’t been studied yet, 
Thus, for our simulations we have to take the known values of the 
emission and absorption properties of the Nd ions in the other hosting 
material. We choose the yttrium aluminium garnet (YAG) that is 
justified as follows. YAG has crystal lattice parameter close to BIG. The 
emission wavelengths for Nd-doped BIG and YAG might be slightly 
different (by about 10 nm [32]). However, such difference can be easily 
compensated by the variation of the incident angle. Moreover, this 
wavelength shift might change the absorption in YIG by only about 5 cm-
1 [2]. The exact values of absorption and emission parameters of the Nd-
doped BIG could be determined in the direct measurements of the 
sample. In the passive BIG film, the absorption is about 
-130 cm  at 
1.06 μm , that corresponds to "2 0.001  . For our simulations we 
assume that Nd concentration in BIG film is 20 36 10 cm , the 
estimated required pump power is about 15 mW. The decay rate of the 
excited Nd3+ ions is 0.23 ms. We took emission cross section about 
19 25 10 cm  that was reported for Nd ions in [32] and refs. inside. This 
yields gain 
-1300 cm  that corresponds "2 0.01    at the emission 
wavelengths. So, we consider the impact of gain in the magnetic 
dielectric up to this value.  
In Fig. 3 one can see spectra of the transmittance and TMOKE for 
various values of gain, i.e. 
"
2 . On each panel there are two groups of 
curves. Left groups refer to the resonant case, when the MO effect occurs 
at the emission wavelength of dopants (incident angle 5   ). Passive 
structure, when there is no optical pump and 
"
2  is positive, is indicated 
with the blue curves. One can see that the resonance in transmission 
gets sharper with the increase of the gain parameter (Fig. 3a). The MO 
parameter δ behaves similarly, the resonance becomes sharper with the 
gain and its maximum value increases (Fig. 3b). On the contrary, when 
the incident angle is taken to provide MO effect at the wavelength, 
shifted from the dopants’ emission wavelength (right groups of curves) 
we do not observe any enhancement either for transmission or for MO 
parameter. However, one can see a slight increase of transmission at 
1.06 μm  due to the SPP field amplification. Thus, we observe 
resonance enhancement of MO effect due to the adjustment of the 
emission wavelength and MO resonance. One can see that the 
maximum value of δ rises by almost 1.5 times for "2 0.01    in 
comparison with the passive plasmonic structure (see Fig. 3b). 
 
Fig. 3. (a). Transmission spectrum of the plasmonic structure versus the 
wavelength at the various gain levels. (b). Dependence of the TMOKE 
parameter δ on wavelength for three gain levels.  
The observed enhancement of TMOKE in active MP structure is 
explained as follows. SPP losses are compensated by gain in the iron-
garnet film. A quality factor of resonance is inversely proportional to the 
damping of a system, so the reduction of losses leads to an increase of a 
quality factor of the transmission resonance. Moreover, by its definition, 
0Q    , where 0  is a central frequency and   is a width of 
transmission resonance. Thus, a resonance with higher quality is 
steeper and has larger derivative T   . On the other hand, it was 
shown in [15] that the TMOKE enhancement can be explained by the 
magnetization induced shift of the SPP resonance frequency and can be 
represented as 
 
1
~
T
T





  (3) 
Thus, TMOKE parameter   grows with an increase of gain. 
For incidence angle 5    we have calculated Q-factor of 
transmission resonance versus gain parameter and have compared 
them with the curve  "2  . It depends almost linearly on the gain 
parameter "2  (see Fig. 4a). The Q-factor of transmittance resonance 
reveals an increase by 13% at the gain parameter "2 0.01   . 
However, the MO effect grows by 1.5 times in comparison with the 
passive MP crystal. Therefore, we can conclude that in this structure the 
MO effect is very sensitive to the imaginary part of dielectric 
permittivity. 
    
 
Fig. 4. (a) Dependence of the Q-factor of the transmission resonance and 
TMOKE on the gain for the MP crystal. (b) Imaginary part of SPPk  versus 
the gain parameter. (c) Transmission spectrum and (d) TMOKE in 
passive MP structure (blue) and in case of full loss compensation (red). 
The gain affects the propagation constant of the SPP, mostly its 
imaginary part, Im( )SPPk  (see Eq. (1)). Expectedly, Im( )SPPk
decreases as the gain arises (Fig. 4(b)). One can see that "2 0.01    
gives just partial compensation of the SPP losses. Full compensation 
requires the gain coefficient almost 5 times stronger, "2 0.048   . In 
this case we can see that the transmission at resonance dips to almost 
zero, and both resonances of T and   have very steep profile (Fig. 4(c-
d)). TMOKE becomes 10 times larger than for "2 0.01   . 
It is well-known, that the SPPs are strongly localized at the 
metal/dielectric interface and their intensity exponentially decays away 
from the border. Thus, the stimulated emission of the rear-earth ions in 
the external field of the SPP wave takes place only near the 
metal/dielectric interface and strongly depends on the gain layer 
thickness. We address an increase of the TMOKE versus the thickness of 
the gain layer for two fixed values of the gain parameter, "2 0.01    
and "2 0.005    (Fig. 5). The steepest increase of the effect takes place 
inside the ~200nm-thick gain layer where strong localization of the 
electromagnetic field occurs. Moving away from the metal/dielectric 
interface the SPP field decreases exponentially (see the inset in Fig. 5 
with the field distribution inside the magneto-plasmonic structure) and 
the stimulated emission decays. For the 600 nm-thick gain layer the 
TMOKE gets to the plateau and further it varies only negligibly. It is 
almost equal to a penetration depth of the SPP that can be estimated as 
1 585 nmSPP zh k   for the Au/BIG interface (vertical dashed line 
in Fig. 5). Therefore, the effective enhancement of TMOKE occurs just in 
the 600nm-thick layer near the metal/dielectric interface, the layer 
where the SPP exists. The dopants located at a larger depth of the 
ferromagnetic dielectric do not impact on the TMOKE. 
 
Fig. 5. TMOKE versus thickness of the active ferromagnetic medium. 
Solid lines show the values of δ for 
2" 0.01   , and dashed lines 
correspond to δ for 
2" 0.005   . Vertical dashed line (hSPP) shows a 
penetration depth of SPP wave in the BIG film. Inset: a field distribution 
inside the MP structure. 
In conclusion, here we report an amplification of the TMOKE in active 
MP structure by means of the stimulated emission of optically-pumped 
rear-earth ions. Stimulated emission partially compensates SPP losses 
that increases the quality of transmission resonances, which, in its turn, 
is proportional to the TMOKE. For the considered magneto-plasmonic 
structure TMOKE shows 1.5-time growth for the gain parameter 
"
2 0.01   . Moreover, further compensation of losses provides even 
steeper resonances and even higher values of the TMOKE. The most 
impact to the enhancement of TMOKE is provided by dopants in thin 
layer near metal/dielectric interface, where the electromagnetic field of 
the SPP penetrates. The reported effect provides a novel method of 
tunable enhancement of the MO effect in the MP structures. Varying the 
optical pumping one can change the value of TMOKE. 
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